Purpose: To select a cost-effective anode material for alkaline fuel cell using cyclic voltammetry technique.
Introduction
Researchers have been working on developing cleaner energy sources that can replace oil and reduce greenhouse gas emissions such as fuel cell. [1] [2] Fuel cells are electrochemical devices that transform chemical energy to electricity using a fuel. [3] [4] These devices consist of two electrodes an anode and a cathode, and a polymer electrolyte membrane that transports positive (e.g. H + ) or negative ions (e.g. OH -). At the anode, an oxidation reaction takes place in which the electrons are removed from the fuel. Then, the electrons move to the cathode through an external circuit where a reduction reaction occurs. Negative ions migrate through the membrane towards the anode to form water, energy and other byproducts depending on the fuel. In the general process a redox reaction takes place to produce electrical energy (see Figure 1) . Advances in fuel cells will result in cleaner energy sources and therefore in the design for portable electronics and electric vehicles.
Although fuel cells are a promising technology, there are significant scientific challenges that must be overcome before they become commercially competitive. One of the issues that have to be resolved is the high cost and durability of the materials. Some approaches have been followed to overcome these limitations; such as, (a) to enhance activity of the catalyst using nanoparticles, and (b) to explore a variety of less expensive catalyst such as palladium. 4 Currently ethanol and oxygen are being used to produce electricity. Ethanol is used as fuel due to its low toxicity and because it can be obtained from fermentation of sugar containing materials.
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Overall reaction: CH 3 CH 2 OH + 12 OH -→ 2 CO 2 + 9 H 2 O + 12 e -(1) Figure 1 . Schematic of an alkaline fuel cell.
PRE-LABORATORY (HOMEWORK)
Part A. These questions must be completed before the Experimental Section.
Answer: a). How does a fuel cell work?
The fuel cell converts the chemical energy of fuel to electricity using an anode and a cathode, which produces water and energy.
b). What are the parts of a fuel cell?
The principal parts of a fuel cell are an anode, a cathode, an electrolyte and an external circuit.
c). What reactions occur at the cathode and anode? Ethanol oxidation occurs in the anode and oxygen reduction in the cathode. Oxidation refers to the loss of electrons while reduction refers to the gain of electrons from one species to another. This reaction is an example of zinc oxidation, which occurs spontaneously in the presence of copper in an aqueous media solution. When this unwanted oxidation occurs in metals it is called corrosion.
We can predict the tendency of materials to be oxidized based on their standard reduction potential. For example, Zn 2+ needs a potential of -960 mV vs Ag/AgCl to be reduced to Zn. Cu 2+ needs 143 mV vs Ag/AgCl to be reduced to Cu. 6 The material that presents the lower standard reduction potential has the lower tendency to be reduced and greater tendency to be oxidized. In the reaction presented above, zinc as a good electron donor has the higher tendency to be oxidized (see Figure 2 ), while copper with a higher standard reduction potential has more resistance to corrosion. Part B. Select the electrode.
Answer:
a). Electrical conduction in metals is due to the movement of electrons. What is the relationship between resistivity and conductivity?
The reciprocal of conductivity is resistivity. Students are expected to discard Zn and Pt because of the low resistance to corrosion, and the cost, respectively.
Fill in the blanks for

LABORATORY
In this laboratory experience you will select an anode for a commercial alkaline fuel cell. The criteria for your selection should be sustained with the electrochemical studies of the following electrodes: palladium (Pd), carbon paste (CP), and glassy carbon (GC) in the presence of ethanol.
Part I. Preparation of the carbon paste electrode (CP) and determination of the electrode geometric area.
Materials:
• A. Build an electrode with an inexpensive and electrically conductive material. [8] [9] For each team:
1. Two pieces of copper wire about 6 cm long will be provided to each group (avoid bending the copper wire).
Answer: a). Why use a copper wire?
The copper wire is a good conductor.
3. Prepare a solution of 5 mL distilled water with 5 mL acetone.
4. Place two pieces of copper wire in a test tube with the acetone:water (1:1) solution and place the test tube in the sonic bath for 3 minutes (see Figure 3a) .
5. Weigh 150 mg of graphite and transfer it to a mortar.
6. Add 75 µL of mineral oil with a micropipette to the graphite and begin mixing with the pestle until all the powder becomes a paste (see Figure 3b) .
7. Get a capillary tube and break the closed end of the capillary tube by tilting it in an angle on a hard surface and push until it breaks. Make use of a paper towel to cover the tube when it breaks to avoid pieces of glass being thrown out (see Figure 3c ).
8. Place the capillary tube with the open end that did not break over the paste and start to gently tap into the paste until it enters the tube. Repeat as necessary until 2 cm of the paste is in the tube (see Figure 3d ).
9. Remove a copper wire from the sonic bath and rinse with distilled water. Then dry the copper wire with a kimwipe.
10. On a filter paper vertically place the capillary tube with the paste already inside. Then carefully insert a clean and dry copper wire in the capillary tube until it touches the graphite paste. (The graphite paste should be compacted within the capillary tube and the copper wire should NOT get to the end of the capillary tube).
11. Level the surface of the graphite paste in the tube by gently sliding it on the filter paper.
12. Clean the exterior walls of the capillary tube with a kimwipe.
13. Then seal the top of the capillary tube with parafilm to ensure that the copper wire does not come out (see Figure 3e ). Repeat steps 7 to 13 to have an extra electrode as a backup. Keep the two carbon paste electrodes drying at room conditions with the graphite side up until the next laboratory section (at least 24 hours). B. Determine the geometric area of the different electrodes. Table 2 
Measure and record in
Where π = 3.14 and the radius (r) = diameter / 2
Part II. Electrodes with catalytic activity.
Answer: a). What is a catalyst?
A catalyst is a material that accelerates a chemical reaction.
b). How does a catalyst affect the activation energy of a reaction?
The catalyst decreases the activation energy.
Nanotechnology gives us the versatility to prepare nanoscale catalysts such as nanoparticles.
c). What is the difference between 1 mL of macroparticles and 1 mL of nanoparticles of the same material?
The principal difference is that nanoparticles have more superficial area that allow for more sites to react.
We need a material that will accelerate the oxidation of ethanol to produce energy, since glassy carbon and graphite donot have catalytic activity for ethanol oxidation.
d). Which material would you choose to accelerate the oxidation of ethanol based on Table 1 ? Why?
The palladium material because it has a high resistance to corrosion and high catalytic activity toward ethanol. In addition, it is low-cost in comparison with platinum. e). How would you use nanotechnology to improve the catalytic activity of the material chosen? Why? Nanotechnology provides versatility to design and improves the catalytic activity of a material using nanoparticles by increasing the surface area.
f). Considering Table 1 2. Calculate the amount of isopropanol and Nafion you need to add to the PdNP to form the ink. Nanoparticles are diluted with isopropanol, and Nafion "polymer" is used to fix nanoparticles on the electrode surface.
Formula for determining the amount of isopropanol needed:
Formula for determining the amount of Nafion needed: mg 0.50
3. Add the amount of isopropanol and Nafion calculated to your weighed PdNP. 4. Then sonicate the mixture for 30 minutes.
Note: The sonic bath water should not be too hot because it damages the Nafion.
C. Cyclic voltammetry
The cyclic voltammetry technique can be used to find the best catalyst. This technique studies the transfer of electrons at the interface between an electroactive species in solution and the working electrode surface. The current response in function of potential (voltage) is represented as a cyclic voltammogram. The voltammogram shows an oxidation peak going to positive potentials and a reduction peak going to negative potentials (see Figure 2) . 6 The peaks correspond to the electron transfers that occur at the working electrode surface. Figure 5 shows the components of an electrochemical cell: working electrode (where the oxidation or reduction occurs), reference electrode (used to control and measure the difference in potential between the working electrode and reference electrode) and auxiliary electrode (provides a surface for a redox reaction to balance the one occurring at the working electrode surface and allows the current flow). 
Cleaning of palladium (Pd) and glassy carbon (GC) electrodes
Materials:
• Nanopure water 1. Place some alumina in a "micro-cloth." Polish the electrode doing an eight-shaped movement for 2 minutes. Wash the electrode with nanopure water. Then sonicate the electrode for 5 minutes in nanopure water.
2. Add approximately 1 mL of 0.10 M H 2 SO 4 solution with a plastic pipette to the cell. Construct the electrochemical cell with their respective working (GC), reference (Ag/AgCl) and auxiliary (Pt) electrodes (see Figure 5) . Immerse the three electrodes in the solution and connect them to the potentiostat.
Note: Beware of the H 2 SO 4 solution because is dangerous to the skin and eyes.
Potentiostat Operating Instructions 1. Turn on the computer and potentiostat.
Open the potentiostat program and select cyclic voltammetry technique.
3. Enter the experimental conditions. The initial potential (E 0 ) is 0.00 V, E 1 = 1.30 V (the high potential), the final potential (E 2 ) is 0.00 V using a reference electrode of Ag/AgCl. The scan rate is 100 mV/s and the number of cycles is 3 (6 segments) for GC electrode.
4. Repeat the polishing step and the 3 cycle electrochemical cleaning until you get the typical clean surface voltammogram (see Figure 6a) . Then remove the working electrode from H 2 SO 4 solution and rinse it with nanopure water.
5. Carry out the electrochemical cleaning for Pd electrode in 0.10 M H 2 SO 4 solution using 15 cycles (30 segments) at 100 mV/s. Repeat the polishing step and the electrochemical cleaning as necessary (see Figure 6b) .
Note: After three repetitions of the cleaning steps if the voltammogram of GC and Pd electrodes are very different to the examples shown below, change the working electrode or ask for help from the instructor. For the instructor:
The working electrode can be sonicated with ethanol for 10 minutes. 6. Then dry the surface of both working electrodes with a nitrogen (N 2 ) flow.
Note: Do not immerse the carbon paste electrode in H 2 SO 4 solution, because it damages the electrode.
Modification of glassy carbon (GC) and carbon paste (CP) working electrodes
For GC electrode:
1. Add 10 µL of the solution of palladium nanoparticles (PdNP) using a micropipette on the GC electrode conductive surface and allow to dry for 5 minutes (see Figure 7a) . 
Part III. Ethanol oxidation using the different electrodes
Cyclic voltammetry will be used to measure the amount of current that the ethanol fuel produces. The signal obtained from the electron transfer between the ethanol and the electrode surface is measured as current.
Materials:
• Electrochemical cell of ~5 mL 9. Calculate the surface area of palladium in cm 2 using the palladium oxide (PdO) reduction peak for each cyclic voltamograms in 1.0 M KOH (see Figure 8) . a).Cut the PdO reduction peak, measure and record the mass in grams. b). Cut a rectangular known area using the same paper of the point b (see Figure 9 ), measure and record the mass in grams. 
Where, A Pd = Area of Pd reduction peak, I rectangle = rectangle current in Amperes (A) units, consequently, A= C/s, C= coulombs and s= seconds, E rectangle = rectangle potential in Volts (V) units and the peak and rectangles mass in grams (g) units. d). Use the result obtained from equation 7 and divide it by the scan rate (V/s) used to carry out the cyclic voltammetry in KOH. What units are used in the final expression? =A x V =C/s x V, this is divided by the scan rates, V/s Hence, the end unit = C e). Use this theoretical 11 value 424 µC/cm 2 which is the charge density associated with the reduction of a monolayer of PdO to obtain the square centimeter (cm 2 ) of Pd for each working electrode (see equation 8) . This final value is the Pd Surface Area. Write the value in Table 3 for each electrode. 10. Determine the maxima anodic peak current and the potential to ethanol oxidation for each working electrode and write them in Table 3 . (see Figure 10 ).
11. Calculate the current density (j) in units of A/cm 2 for Pd using the maxima anodic peak current for ethanol oxidation divided by the geometric area obtained in Table 2 . Write the values for each electrode in Table 3 . Initially, figure 10 show that both peaks are anodic, these are due to ethanol oxidation. We are not showing reduction peaks. Plots showed typical ethanol oxidation behavior in alkaline conditions. One peak is observed in the negative direction.
As you can see in
Commonly a voltammogram in negative direction shows the reduction of electroactive species with a peak current in the opposite direction to the oxidation peak. e). What species is responsible for the peak in the negative direction?
Ethanol oxidation is responsible for the peak in the negative direction too. f). Do the peaks in the positive and negative directions show the same peak potential values? Why?
No, the peak in the negative direction has a more negative potential because PdO blocked the catalytic activity for ethanol, but at more negative potential PdO is reduced to metallic Pd triggering the catalytic oxidation of ethanol.
The peak in the negative direction appears in the region between -0.30 to -0.60 V vs Ag/AgCl. This peak towards negative potential occurs because palladium oxide is reduced to Pd. The presence of the reduced palladium catalyzes the ethanol oxidation. The mechanism for the ethanol oxidation on palladium is described in the following equations: The increase in the anodic current peak of the ethanol oxidation may vary when changing the KOH and/or ethanol concentrations. For this laboratory experience the concentrations of ethanol and KOH solutions are constant during the whole experiment. Furthermore, the current is only affected by the exposed area of the different working electrodes (CP and GC modified PdNP electrodes).
13. Answer: a). Observe the last cyclic voltammogram and identify the peaks with the corresponding redox process.
Both peaks correspond to the ethanol oxidation in solution.
Discussion Questions:
1. Why does the GC electrode modified with PdNP present a better catalytic activity in comparison with the CP/PdNP and Pd electrode, based on the current obtained from the ethanol oxidation?
Because the current obtained was compared with equal area surface (1 cm 2 ) for each catalyst. As a result, GC/PdNP showed a better catalytic activity toward ethanol oxidation since equal surface area when compared to CP/PdNP and Pd electrodes, showed higher currents.
2. Is there a difference between the values obtained using the geometric area versus active area? Explain.
Yes, there is a difference between geometric area versus the active area. The geometric area of the electrode is just the area of the one dimesion catalyst face exposed.The surface area is the area of all faces including curved faces of the catalyst exposed to the medium (matrix solution). The smaller the catalyst particle size, the bigger will be the surface area and better will be the catalysts effect.
3. If you increase the geometric area of the carbon paste electrode, how will the catalytic activity compare to the carbon paste electrode that you built? It will enhance the catalytic activity because the surface area will increase too.
4. If you were to commercialize the anode for alkaline fuel cells with the materials studied, which one would you choose? Why? I would choose the CP modified with palladium nanoparticles because is cheaper. The best catalyst should present the higher value for the ratio of ethanol current obtained/geometric area of the electrode. *This is an open answer because the current values for ethanol oxidation could vary depending of PdNP arrangement at the electrode surface.
What is the function of the electrodes in the electrochemical cell?
For the electrochemical measurements we use an electrochemical cell with its respective electrodes; working, reference and counter. The working electrode is where the reaction of interest takes place, in the counter electrode an electrical current flows and the reference electrode measures the difference in potential with respect to the working electrode.
